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ABSTRACT
The Sangamon River flows across central Illinois and is mostly free flowing except in the
city of Decatur where it is impounded to form Lake Decatur. The Sanitary District of Decatur
(SDD) is located approximately three miles downstream of the Lake Decatur dam. For a
significant portion of the year, the stretch of the Sangamon River downstream of SDD is
dominated by effluent due to limited discharge from the Lake Decatur dam. This has resulted in
heavy nutrient loading, most notably phosphorus, and elevated levels of nickel and other
compounds in the downstream section of the river. Smallmouth buffalo (Ictiobus bubalus)
exhibiting elongated fins have been observed in this section of the river. To test for causality
between fin elongation of fish in the Sangamon River and SDD effluent, a microcosm
experiment was designed to raise Fathead minnows (Pimephales promelas) in wastewater
effluent at SDD as well as the City of Charleston, Illinois Wastewater Treatment Plant (CWTP).
Additionally, a control group of Fathead minnows were reared in dechlorinated tap water.
Results from the experiment indicated that fish raised in SDD effluent had significantly longer
fins at a given body length than fish from all other treatments. Furthermore, fish in the control
treatment experienced faster growth than all other treatments; however, according to Le Cren’s
relative condition factor, Decatur treatment fish were in the best condition. To assess the effect
of fin elongation on active metabolic rate (AMR) and critical swimming speed (Ucrit),
Smallmouth buffalo (n = 9) participated in swimming trials in a 185 L Loligo Systems flow
chamber. Results indicate that there was a significant negative linear relationship between caudal
fin size and AMR, indicating that fish with elongated fins are more efficient swimmers. The
relationship between caudal fin size and Ucrit values was not significant, indicating that caudal fin
size is not a predictor of critical swimming speed.
ii
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INTRODUCTION
Wastewater treatment plants (WTPs) fulfill an important role in mitigating anthropogenic
impacts on aquatic environments. WTPs receive wastewater from various residential and
industrial inputs prior to subsequent treatment to reduce nutrient loads as well as other
contaminants (i.e., heavy metals, hormones, pharmaceuticals, etc.). While WTPs act to improve
wastewater quality, they also inadvertently serve to condense pollution input into lotic systems as
point source pollution and can have significant effects on aquatic ecosystems (Carey and
Migliaccio, 2009). Treated wastewater is released as effluent into a receiving waterway, usually
a stream or river of varying size and flow. Depending on receiving stream order and discharge,
concentration of effluent can vary significantly. During periods of ample precipitation or runoff,
wastewater effluent concentration is decreased below levels of concern. However, during time
periods with relatively little precipitation or in areas with a high human population, wastewater
effluent can compromise a significant proportion of the overall flow of a river system for up to
several hundred kilometers downstream (Fono et al., 2006; Swayne et al., 1980). Likewise, rivers
and streams receiving wastewater effluent in arid regions are often dominated by wastewater
effluent (Sowers, 2009).
The high concentration of wastewater effluent in these systems has the potential to cause
chronic effects on aquatic life due to the slurry of contaminants contained within. Exposure to
wastewater has been linked to reproductive disruption, behavioral changes, and morphological
deformities of fishes (Vajda et al., 2008; McCallum et al., 2017; Sun et al., 2009). The effects of
wastewater on fish physiology are also well known and are commonly used as biomarkers to
document effects of exposure to wastewater on aquatic organisms (Jasinska et al., 2015).
Standardized EPA tests exist to evaluate lethal and sublethal effects of chronic exposure to
1

wastewater effluent on Fathead minnows (Pimephales promelas) (Pickering and Lazorchak,
1995; Norberg and Mount, 1985). Sublethal effects of chronic wastewater exposure are of
particular importance since they typically are not as obvious as the effects of lethal-level toxicity.
Furthermore, while lethal-level toxicity of chemicals and effluents is important to document and
understand, it is not commonly experienced in river systems due to environmental discharge
standards implemented by the Clean Water Act of 1972 and enforced by the EPA.
Fathead minnows are good candidates for toxicology testing due to their broad native
range throughout North America as well as their ease of care and culture, fast life cycle, and
tolerance to a wide range of basic water quality parameters including pH, alkalinity/hardness,
turbidity, and temperature (Ankley and Villeneuve, 2006; McCarraher and Thomas, 1968;
Bardach et al., 1966; Brungs, 1971(a,b); Mount, 1973). Furthermore, results of toxicology tests
on Fathead minnows have been found to be a reliable predictor for the effects of toxicants on
other freshwater fish species (Ankley and Villeneuve, 2006). In addition, Fathead minnows have
proven reliable for extrapolating toxicology test results to wild fish populations (Ankley and
Villeneuve, 2006; USEPA, 1991).
Impounded systems can induce wastewater effluent dominated streams by withholding
water upstream of a wastewater discharge source. The Sangamon River is a prime example of
this and is mostly free flowing throughout Illinois except in the city of Decatur where it is
impounded to form Lake Decatur. The Sanitary District of Decatur (SDD) is the sole WTP for
the City of Decatur and is located approximately three miles downstream of the Lake Decatur
dam. For a significant portion of the year, the stretch of the Sangamon River downstream of
SDD is dominated by effluent due to limited discharge from the Lake Decatur dam. This has
resulted in heavy nutrient loading, most notably phosphorus, and elevated levels of nickel and

2

other compounds in the downstream section of the river. Fish exhibiting skeletal and fin
deformities as well as fin elongation have been observed in this section of the river and could be
a result of concentrated wastewater effluent exposure. Fin deformities and elongation have been
observed in various families (i.e., ictalurids, cyprinids, and centrarchids); however, fin
elongation appears to be most prevalent in Catostomid species, including Smallmouth buffalo
(Ictiobus bubalus). The occurrence of fin elongation in wild type fish is exceedingly rare and is
typically observed in live-bearing species (i.e., gonopodium formation in mosquitofish in
response to androgen exposure; Raut et al., 2011; Leusch et al., 2005; Huang et al., 2019). While
mosquitofish are present in the Sangamon River, no species of fish observed with fin elongation
are live bearers.
Fin morphology plays a critical role in swimming performance of fishes and alterations in
morphology are likely to impact swimming efficiency. Fish exhibit variable swimming patterns
and have been classified into three basic categories: body and caudal fin (BCF) periodic, BCF
transient, and median and paired fin (MPF) (Webb, 1984). Furthermore, correlations between
swimming pattern and foraging behavior have been found. Webb (1984) suggests predatory fish
are likely to be locomotor specialists due to the need to swim long distances (BCF periodic) or at
bursts of high speeds (BCF transient) to capture their prey. Locomotor generalists are fish that
take advantage of locally abundant food sources and tend to have specialized feeding adaptations
(i.e., vacuum feeding and protrusible mouths) rather than specialized adaptations for swimming.
Fish belonging to the family Catostomidae are commonly referred to as “suckers” due to
their benthic feeding style. Catostomids often possess small, extendible, ventroterminal mouths
for filtering food items from benthic sediments (Eastman, 1977). The passive feeding style of
Catostomids indicates that they are likely locomotive generalists. As a result, they do not rely on
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sustained swimming or bursts of speed to obtain their food sources, suggesting that they may rely
on a combination of BCF and MPF swimming patterns. If this combination of swimming
patterns holds true, the elongation of all fins observed in Sangamon River Catostomids could
have a disproportionate effect on their swimming performance and efficiency as a result.
To determine if there is a causal relationship between fin elongation of fish in the
Sangamon River and SDD effluent, I implemented an experimental design to raise fish in the
wastewater effluent pre and post disinfection at SDD as well as the City of Charleston, Illinois
Wastewater Treatment Plant (CWTP). An additional treatment was located at the Eastern Illinois
University campus and used dechlorinated tap water to serve as a control. Standard length
growth and relative condition factor (Kn) were compared between treatments. To assess the
direct effects of fin elongation on swimming performance and efficiency of Smallmouth buffalo
in the Sangamon River, swimming trials were performed with wild caught fish from the river to
measure metabolic rate and critical swimming speed (Ucrit).
I predict that 1) Fathead minnows reared in SDD effluent will have significantly longer
fins than all other treatments; 2) Fathead minnows reared in effluent at both treatment plants will
experience slower growth than the control treatment; 3) Fathead minnows reared in effluent at
both treatment plants will be in worse condition than the control treatment; 4) Smallmouth
buffalo will experience a negative relationship between caudal fin size and swimming efficiency;
and 5) Smallmouth buffalo will experience a negative relationship between caudal fin size and
swimming performance as measured by critical swimming speed.
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ASSESSING THE EFFECTS OF WASTEWATER EFFLUENT ON FATHEAD MINNOW
(PIMEPHALES PROMELAS) FIN MORPHOLOGY, GROWTH, AND CONDITION

ABSTRACT
Impounded systems can induce wastewater effluent dominated streams by
withholding water upstream of a wastewater discharge source. The Sangamon River is a prime
example of this and is mostly free flowing throughout central Illinois except in the city of
Decatur where it is impounded to form Lake Decatur. The Sanitary District of Decatur (SDD) is
the sole wastewater treatment plant for the City of Decatur and is located approximately three
miles downstream of the Lake Decatur dam. For a significant portion of the year, the stretch of
the Sangamon River downstream of SDD is dominated by effluent due to limited discharge from
the Lake Decatur dam. This has resulted in heavy nutrient loading, most notably phosphorus, and
elevated levels of nickel and other compounds in the downstream section of the river. Fish
exhibiting skeletal and fin deformities as well as fin elongation have been observed in this
section of the river and could be a result of concentrated wastewater effluent exposure. To test
for causality between fin elongation of fish in the Sangamon River and SDD effluent, a
microcosm experiment was designed to raise fish in wastewater effluent, pre and post
disinfection, at SDD and the City of Charleston Wastewater Treatment Plant (CWTP). A control
group of Fathead minnows were also reared in dechlorinated tap water. Results from the
experiment indicated fin elongation in fish from the Decatur post disinfection treatment but not
in the Decatur pre disinfection treatment. Control treatment fish experienced faster growth rates
than fish from all wastewater treatments. Despite slower growth rates, fish from the Decatur post
treatment group were in significantly better condition than all other treatments.
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Water chemistry results from experimental treatments found major differences between
treatment groups (i.e., CWTP treatments, SDD treatments, Control treatment); however, there
were no significant differences within treatment groups for the parameters measured. Results
from this experiment establish a causative relationship between SDD effluent and fin elongation
of fish residing in the Sangamon River as well as underscore the significant differences in
wastewater effluent composition between treatment plants.
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INTRODUCTION
Wastewater treatment plants (WTPs) fulfill an important role in mitigating anthropogenic
impacts on aquatic environments. WTPs receive wastewater from various residential and
industrial inputs prior to subsequent treatment to reduce nutrient loads as well as other
contaminants (i.e., heavy metals, hormones, pharmaceuticals, etc.). While WTPs act to improve
wastewater quality, they also inadvertently serve to condense pollution input into lotic systems as
point source pollution and can have significant effects on aquatic ecosystems (Carey and
Migliaccio, 2009). Treated wastewater is released as effluent into a receiving waterway, usually
a stream or river of varying size and flow. Depending on receiving stream order and discharge,
concentration of effluent can vary significantly. During periods of ample precipitation,
wastewater effluent concentration is decreased below levels of concern. However, during time
periods with relatively little precipitation or in areas with a high human population, wastewater
effluent can comprise a significant proportion of the overall flow of a river system for up to
several hundred kilometers downstream (Fono et al., 2006; Swayne et al., 1980). Likewise, rivers
and streams receiving wastewater effluent in arid regions are often dominated by wastewater
effluent (Sowers, 2009).
The high concentration of wastewater effluent in these systems has the potential to cause
chronic effects on aquatic life due to the slurry of contaminants contained within. Exposure to
wastewater has been linked to reproductive disruption, behavioral changes, and morphological
deformities of fishes, among others (Vajda et al., 2008; McCallum et al., 2017; Sun et al., 2009).
The effects of wastewater on fish physiology are also well known and are commonly used as
biomarkers to document effects of exposure to wastewater on aquatic organisms (Jasinska et al.,
2015). Standardized EPA tests exist to evaluate lethal and sublethal effects of chronic exposure
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to wastewater effluent on Fathead minnows (Pimephales promelas) (Pickering and Lazorchak,
1995; Norberg and Mount, 1985). Sublethal effects of chronic wastewater exposure are of
particular importance since they typically are not as obvious as the effects of lethal-level toxicity.
Furthermore, while lethal-level toxicity of chemicals and effluents is important to document and
understand, it is not commonly experienced in river systems due to environmental discharge
standards implemented by the Clean Water Act of 1972 and enforced by the EPA.
Wastewater treatment plants are typically required to conform to limits placed on fecal
coliform concentration of effluent discharged into the environment. To meet these guidelines,
disinfection is required to destroy bacterial cells present in effluent. Common forms of effluent
disinfection include chlorination/dechlorination, ultraviolet light irradiation, ozonation, and
membrane filtration (Lazarova et al., 1999). Disinfection with the chlorination/dechlorination
method is common and works well; however, potentially hazardous disinfection by-products
(DBPs) can be produced as a result of the chemical reaction between chlorine and other
compounds present in wastewater (Roux et al., 2017). Effects of DBPs on aquatic life have been
documented and can include cytotoxicity and genotoxicity (Roux et al., 2017; Muellner et al.,
2007; Plewa et al., 2004; Plewa et al., 2007; Plewa et al., 2008).
Fathead minnows are good candidates for toxicology testing due to their broad native
range throughout North America as well as their ease of care and culture, fast life cycle, and
tolerance to a wide range of basic water quality parameters including pH, alkalinity/hardness,
turbidity, and temperature (Ankley and Villeneuve, 2006; McCarraher and Thomas, 1968;
Bardach et al., 1966; Brungs, 1971(a,b); Mount, 1973). Furthermore, results of toxicology tests
on Fathead minnows have been found to be a reliable predictor for the effects of toxicants on
other freshwater fish species (Ankley and Villeneuve, 2006). In addition, Fathead minnows have
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proved reliable for extrapolating toxicology test results to wild fish populations (Ankley and
Villeneuve, 2006; USEPA, 1991).
Impounded systems can induce wastewater effluent dominated streams by withholding
water upstream of a wastewater discharge source. The Sangamon River is a prime example of
this and is mostly free flowing throughout Illinois except in the city of Decatur where it is
impounded to form Lake Decatur. The Sanitary District of Decatur (SDD) is the sole WTP for
the City of Decatur and is located approximately three miles downstream of the Lake Decatur
dam. For a significant portion of the year, the stretch of the Sangamon River downstream of
SDD is dominated by effluent due to limited discharge from the Lake Decatur dam. This has
resulted in heavy nutrient loading, most notably phosphorus, and elevated levels of nickel and
other compounds in the downstream section of the river (EIU unpublished data). Fish exhibiting
skeletal and fin deformities as well as fin elongation have been observed in this section of the
river and could be a result of concentrated wastewater effluent exposure (Sun et al., 2009;
Orlando et al., 2007). Fin deformities and elongation have been observed in various families (i.e.,
ictalurids, cyprinids, and centrarchids); however, fin elongation appears to be most prevalent in
Catostomid species, including Smallmouth buffalo (Ictiobus bubalus). The occurrence of fin
elongation in wild type fish is exceedingly rare and is typically observed in live-bearing species
(i.e., gonopodium formation in mosquitofish in response to androgen exposure; Raut et al., 2011;
Leusch et al., 2005; Huang et al., 2019). While mosquitofish are present in the Sangamon River,
no species of fish observed with fin elongation are live bearers. To determine if there is a causal
relationship between fin elongation of fish in the Sangamon River and SDD effluent, I
implemented an experimental design to raise fish in the wastewater effluent pre and post
disinfection at SDD as well as the City of Charleston, Illinois Wastewater Treatment Plant. An
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additional treatment was located at the Eastern Illinois University campus and used dechlorinated
tap water to serve as a control treatment. Standard length growth and relative condition factor
(Kn) (Le Cren, 1951) were compared between treatments.
I predict that 1) Fathead minnows reared in SDD effluent will have significantly longer
fins than all other treatments; 2) Fathead minnows reared in effluent at both treatment plants will
experience slower growth than the control treatment; and 3) Fathead minnows reared in effluent
at both treatment plants will be in poorer condition than the control treatment.
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METHODS

Experimental Design
This study was conducted across three separate locations, including a greenhouse and two
WTPs, with each location treated as an individual experimental group with two treatments. The
first location was the courtyard of the Thule Greenhouse located on the Eastern Illinois
University Campus in Charleston, Illinois and served as the control group. The second location
was the City of Charleston Wastewater Treatment Plant (CWTP) located in Charleston Illinois
and served as the first experimental group. The third location was the Sanitary District of
Decatur (SDD) located in Decatur, Illinois and served as the second experimental group. Both
WTPs used in this study actively disinfect effluent before discharging into their respective
receiving streams. Weather conditions were similar between all treatments due to being located
outdoors as well as the limited geographical distance between them. SDD utilizes a mixture of
chlorine and ammonia for disinfection while CWTP utilizes an ultraviolet light system. To assess
the effects of both disinfection methods, the experiment was designed to have pre and postdisinfection treatments at each WTP to test for within group effects of disinfection as well as
between group effects of effluent.

Microcosm Design
Four experimental microcosms were constructed for use at the two WTP groups.
Microcosms were constructed from Behlen Poly-Tuff® PR-62 circular stock tanks measuring 1.8
m in diameter and 0.61 m in depth for a total water capacity of 1.325 L. Effluent was
continuously pumped into each microcosm with a 0.5 horsepower utility pump attached to a 7.62
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m x 19 mm garden hose. Water flow was limited with an adjustable nozzle attached to the end of
the garden hose to prevent outpacing of the overflow drain system. The drain system consisted of
32 mm diameter PVC pipe that was trimmed to an appropriate length to maintain water depth at
approximately 0.5 m. Effluent from the overflow drain was routed back to the wastewater plant
via corrugated tubing fixed to a threaded adapter that fit into the drain hole on the lower wall of
each microcosm.
Four fish enclosures were constructed from 6 mm diameter PVC pipe and three-way
unions to form a rectangular structure with a length, width, and height of 0.38 x 0.38 x 0.51 m,
respectively. Fiberglass micromesh screen was attached to all outside edges of the fish
enclosures with hot melt adhesive to prevent the escape of fish from the microcosms and
maintain constant density across treatments. Each experimental microcosm received a single fish
enclosure that contained two fish breeding nets attached to the top of the enclosures. A 1.8 m
square shade cloth was clipped to the top of each microcosm to aid in controlling for
environmental conditions and preventing predation of experimental fish from wildlife.
One 38-L aquarium served as a control treatment and received a 50% water change every
other weekday with dechlorinated tap water to maintain constant water quality and to aid in
replicating the flow through design of the experimental microcosms. Two fish breeding nets
were attached to the top of the control tank to maintain methodological consistency with the
experimental treatments. The control tank had a sponge style aquarium filter to allow for
colonization of nitrogen fixing bacteria to maintain stable water quality parameters (i.e. nitrates,
nitrites, and ammonia). The control tank was setup on a platform outside within the Thule
Greenhouse courtyard and was covered with shade cloth in a similar fashion to the experimental
microcosms.
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Sampling Protocol
1,200 two-day post hatch (DPH) Fathead minnow larvae (Pimephales promelas) were
purchased from Aquatic Research Organisms, Inc. and were shipped overnight to Eastern Illinois
University. 100 larval Fathead minnows were transferred to each breeding net at random, for a
total of 200 larval minnows per treatment. Beginning on the day after being transferred to
treatments, fish in each breeding net were fed once per weekday with a single frozen cube of San
Francisco Bay Brand® Baby Brine Shrimp. On the fourth week of the experiment, each breeding
net received a frozen cube of adult brine shrimp of the same brand in addition to a cube of baby
brine shrimp.
Beginning on day seven of the experiment, two fish per breeding net (four fish per
treatment) were sampled at random and were subsequently brought back to the lab for
measurements. Water quality parameters including temperature, dissolved oxygen, pH, chloride,
and conductivity were measured with a YSI ProDSS meter and a water sample was taken from
each treatment on the same day that fish were sampled. Water samples were stored in a
refrigerator overnight and were processed within two days of collection. These methods were
repeated every seven days and the experiment commenced for a total of 8 weeks before
termination.
In the lab, fish were weighed with an analytical scale and were photographed with a
microscope mounted camera using Leica LAS EZ software. For fish >10mm total length, total
length and standard length were measured with Mitutoyo digital calipers due to body size
extending out of picture frame. Lengths of all fins were measured using the Leica LAS EZ
software regardless of body size.
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Nutrient concentrations of water samples including phosphate, nitrate, nitrite, and
ammonia were measured with a Hach DR3900 spectrophotometer with the appropriate
TNTplus™ vials for the specific test of interest. The estimated nutrient concentration for samples
below detection limits were assumed to be 50% of the detection limit (i.e., detection limit = 0.5
mg/L*0.5 = 0.25 mg/L; EPA, 2000). Alkalinity and hardness were measured using the titration
method (Greenburg, 1985).

Data Analysis
All statistical analyses were performed with RStudio version 1.2.5019 (RStudio, Inc.,
Boston, MA). Analysis of covariance (ANCOVA) was used to test for differences in slopes of
regression lines between standard length and individual fin lengths for each treatment. Standard
length was the independent variable (i.e., covariate) and individual length of each fin was the
dependent variable. Each model had a significant interaction term, indicating that the assumption
of homogeneity of slopes was violated, thus precluding further analysis to test for differences in
intercept. The same method was used to test for differences in growth between treatments except
that standard length was the dependent variable and age was the dependent variable (i.e.,
covariate).
Length-weight data were pooled together, and a global regression model was fitted. The
resulting regression coefficients were used to create a standard weight (Ws) equation. Individual
weights were entered into the equation to calculate Kn for all fish sampled (Le Cren, 1951).
Analysis of variance (ANOVA) was used to test for differences in the group means at an alpha
level of 0.05.
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Environmental water quality data and water chemistry data were pooled together and
analyzed with principal components analysis (PCA). Correlations analysis was used to determine
the strength of relationship between individual water parameters and eigenvalues from PC1 and
PC2. A PCA plot was constructed with 95% confidence interval ellipses for data from each
treatment.

RESULTS
A total of 146 Fathead minnows were sampled between five treatments over a period of
eight weeks. All treatments were represented by 32 individuals except for the Control treatment
(n = 18) due to high mortality rates early in the experiment that were not experienced by other
treatment groups. Sample size for individual fin length measurements (i.e., dorsal, anal, pelvic,
pectoral) were smaller due to delayed fin development.

Dorsal Fin
Dorsal fins were the earliest to develop and were first documented at day 16 post hatch.
Dorsal fins were present on fish from all treatments at day 16; however, it is not possible to
determine if there were differences in time of development for this fin due to the nature of
sampling (i.e., every 7 days). Due to early development, the sample size for analysis of dorsal fin
length between treatments was the largest out of all fin groups (n = 124).
Results from the ANCOVA model indicated that there was a significant interaction
between standard length and dorsal fin length, indicating that dorsal fins grew faster in relation to
standard length in the Decatur Post treatment group than all other groups (F(9,114) = 122.4, r2 =
.906, p < .001; Table 1.1; Figure 1.1).
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Anal Fin
Anal fins were the second earliest fins to develop. Anal fins were first documented at day
16 post hatch in the Control and Charleston Pre and Post treatments. For Decatur Pre and
Decatur Post treatments, just one out of four fish sampled at day 16 post hatch had visible anal
fins. Anal fins were present for all fish sampled between treatment groups the following week
(day 23 post-hatch). Due to further delayed development of anal fins, sample size for analysis of
anal fin growth was reduced (n = 117).
ANCOVA model results indicated that there was a significant interaction between
standard length and anal fin length for individuals from the Decatur Post treatment group. This is
indicative of faster growing anal fins in relation to standard length for individual from this
treatment despite delayed development (F(9,107) = 91.53, r2 = .885, p < .001); Table 2.1; Figure
2.1).

Pelvic Fin
Pelvic fins were the third fin to develop for individuals between all treatment groups.
Pelvic fins were first documented at 23 days post hatch and followed the same pattern as anal fin
development, with individuals from the Control and Charleston pre and post treatment groups
developing pelvic fins before Decatur pre and post treatment groups. Three out of four (75%) of
fish sampled from Control and Charleston treatment groups had pelvic fins present at day 23
while just one out of 4 (25%) of individual sampled from the Decatur treatment groups had anal
fins present. All individuals across all treatment groups had anal fins present the following week
(day 30 post-hatch). As expected, the sample size for pelvic fin analysis was further reduced (n =
97).
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Despite delayed development of pelvic fins in the Decatur treatment groups, ANCOVA
results indicated that individuals sampled from the Decatur post treatment group had a
significantly steeper slope for the relationship between standard length and pelvic fin length
(F(9,87) = 76.28, r2 = .888, p < .001); Table 3.1; Figure 3.1).

Pectoral Fin
Pectoral fins were the last to develop for all individuals between all treatments. Pectoral
fins first appeared in all individuals from all treatment groups at day 30, except for Charleston
pre treatment group where just one out of 4 (25%) of fish sampled at day 30 had pectoral fins
present. Due to exceptionally delayed development of pectoral fins, the sample size for this fin
was the smallest of all fins analyzed (n = 81).
Following the same pattern for all other fins, individuals from the Decatur post treatment
group had a significantly steeper slope for the relationship between standard length and pectoral
fin length (F(9,72) = 42.0, r2 = .84, p < .001; Table 4.1; Figure 4.1).

Growth
The relationship between age and standard length was highly variable due to only four
fish being sampled from each treatment per week. Despite the variability, ANCOVA model
results indicate that the slope of the relationship between age and standard length was steeper for
fish from the Control group, indicating significantly faster growth than all other treatments
(F(9,134) = 45.8, r2 = .756, p < .001; Table 5.1; Figure 5.1). Simple linear regression indicated
that there was also less variability in growth of the Control group than other treatments (r2 =
.907).
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Relative Condition Kn
Mean relative condition values varied across treatments from a low of 102 ± 6.9 for the
control treatment group to a high of 125 ± 6.1 for the Decatur post treatment group (± s.e.m.).
ANOVA results indicate that the mean relative condition value for Decatur post treatment group
was significantly higher than all other groups, indicating that fish from this treatment group were
in better condition (F(4,138) = 3.56, r2 = .09, p < .009; Table 6.1; Figure 6.1).
Water Chemistry
PCA indicated that there was a significant difference in water quality parameters between
all groups of treatments (i.e., Control, Charleston, Decatur); however, pre and post disinfection
treatments at each wastewater plant were similar within treatment groups (Figure 7.1).
Correlation analysis between eigenvalues for PC1 and PC2 and water quality parameters indicate
that PC1 is positively correlated with specific conductivity, chloride, and hardness (r = 0.97;
0.93; 0.91) and negatively correlated with dissolved oxygen, pH, and nitrate (r = -0.40; -0.28; 0.07). PC2 is positively correlated with nitrate, hardness, and alkalinity (r = 0.86; 0.25; 0.25) and
negatively correlated with pH, temperature, and nitrite (r = -0.81; -0.64; -0.26).
DISCUSSION

Results from this experiment partially support my hypothesis that fish from experimental
SDD treatments would exhibit significantly longer fins. Fin elongation was documented in fish
in the Decatur post disinfection treatment but not in the Decatur pre disinfection treatment.
Results also support my second hypothesis that fish from the control treatment would experience
faster growth rates than fish from wastewater effluent treatments. It is important to note that the
Control treatment fish experienced heavy mortality rates in the first week of the experiment due
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to high ammonia concentration (0.52 Mg/L) that settled out with time. The high mortality rate
experienced by this treatment was enough to limit the sample size to 56% that of other treatments
(n = 18). The reduced number of fish in this treatment could explain the increased growth rate
due to less competition for food. Furthermore, the Control treatment was the only treatment not
exposed to wastewater of any kind and the faster growth rate could be a result of less exposure to
pollutants. Experimental results did not support my third hypothesis that control treatment fish
would be in better condition. Despite slower growth rates, fish from the Decatur post treatment
group were in significantly better condition than all other treatments. Previous studies have
mixed results on the effects of wastewater effluent exposure on condition of Fathead minnows.
Hemming et al. (2001) found that fish exposed to concentrated effluent were in poorer condition
than fish exposed to the same effluent after flowing through a wetland. In contrast, Parrott and
Wood (2002) found that fish exposed to bleached sulphite mill effluent experienced faster
growth rates and were in better condition than fish reared in dechlorinated tap water.
Water chemistry results from the experimental treatments found major differences
between treatment groups (i.e., CWTP treatments, SDD treatments, Control treatment); however,
there were no significant differences within treatment groups for the parameters measured.
Decatur treatment groups were higher in conductivity, chloride, and hardness than all other
treatments. Variable effects of effluent on fish is expected due to vast differences in chemical
composure of effluent between wastewater treatment plants and is largely dependent upon the
wastewater inputs from the municipal customer base. Alterations in fish morphology and
physiology due to chronic exposure to wastewater can include skeletal deformities, lesions, fin
erosion, elevated hormones, and intersex conditions, etc. (Jasinska et al., 2015; Lozano et al.,
2012; Galus et al., 2013; Sun et al., 2009). However, this study is the first to link fin elongation
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to wastewater exposure that is not related to reproductive anatomy (i.e., mosquitofish
gonopodium; Raut et al., 2011; Leusch et al., 2005; Huang et al., 2019). For example, Gambusia
spp. (holbrooki and affinis) are live-bearers and reproduce through internal fertilization using a
modified anal fin (i.e., gonopodium). Exposure to elevated androgen levels in wastewater has
been linked to masculinization in mosquitofish, leading to elongated anal fin rays that mimic
gonopodium. However, Fathead minnows are substrate spawners and do not feature internal
fertilization nor do they have specialized fins for this purpose (Ankley et al., 2001). While it is
possible that hormones (androgens or estrogens) could play a role in the fin elongation
documented in the Decatur post disinfection treatment, the resulting fin elongation is unique and
does not have a known function under selective pressure in wild type fish of this species.
It is important to emphasize that the Decatur pre disinfection group did not exhibit
significant fin elongation. These results, coupled with the observation of fin elongation occurring
in wild fish in the Sangamon River, indicate that the presence of an unknown agent in the
effluent is inducing fin elongation of fishes. The causative agent is likely a disinfection byproduct (DBP) of the chlorine disinfection process since only fish exposed to disinfected effluent
exhibited fin elongation.
To further expand upon DBPs, they can be grouped as either nitrogenous by-products (NDBPs) or non-nitrogenous DBPs, with the former typically being present in lower concentrations
than the latter (Roux et al., 2017). However, N-DBPs may present a higher health risk due to
their propensity to have higher levels of cytotoxicity and genotoxicity (Roux et al., 2017;
Muellner et al., 2007; Plewa et al., 2004; Plewa et al., 2007; Plewa et al., 2008). Furthermore, the
presence of bromine and iodide has been documented in high salinity waters and the reaction
between these compounds and chlorine disinfection methods produces brominated and iodinated
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N-DBPs, which are among the most cytotoxic and genotoxic compounds known to exist (Roux
et al., 2017; Muellner et al., 2007; Plewa et al., 2008). Many studies have focused on the
potential effects of DBPs on humans for drinking water applications as well as repurposing
wastewater; however, the implications of DBPs on aquatic health have been overlooked. The
wastewater effluent in both Decatur pre and post treatments had very high chloride
concentrations (Table 7.1). Based on these levels, future research should check for the presence
and concentrations of bromine and iodide in the effluent to determine if brominated and
iodinated N-DBPs are present. The cytotoxicity and genotoxicity effects attributed to these
compounds could also be a possible cause of the fin elongation observed in the Decatur Post
disinfection treatment.
Results from the present study have indicated that there is a causal relationship between
SDD effluent and fin elongation of Fathead minnows used in the experiment as well as fishes in
the Sangamon River. There was no significant difference in growth rates of fish between
wastewater treatments, however; Fathead minnows in the Control treatment exhibited
significantly faster growth rates. Despite faster growth rates of fish in the Control treatment,
Decatur post treatment Fathead minnows were in better condition than all other treatments.
Furthermore, there were significant differences in water chemistry parameters between treatment
groups, with Decatur treatments having higher conductivity, chloride, and hardness levels than
all other treatments. While fish in this experiment were exposed to undiluted effluent in the
wastewater treatments, mortality rates were lower for these treatments than in the Control group.
This emphasizes the importance of investigating sub-lethal effects of wastewater pollution on
aquatic life rather than the impacts of toxicity alone. In the Sangamon River, the sub-lethal
effects of pollution on fish are conspicuous, as fin elongation affects a large proportion of fish in
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the river and is easy to detect. However, in other instances, the largest environmental effects of
wastewater pollution may go undetected due to a lack of obvious adverse effects (i.e., fish kills).
Future research and wastewater monitoring should focus more on sub-lethal effects on aquatic
organisms as well as whole effluent analysis to detect the presence of potentially harmful DBPs
that may be discharged into the environment.
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TABLES

Table 1.1 – ANCOVA model output for the relationship between standard length and dorsal fin
length. There was a significant interaction between standard length and treatment, indicating that
slopes were significantly different between treatment groups.
Response: Dorsal
Term
Intercept
Standard Length
Treatment
Standard Length:Treatment
Residuals

SS
0.114
27.098
0.3111
5.252
22.516
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DF
1
1
4
4
114

F
0.576
137.197
0.394
6.648

Sig.
0.45
<.001
0.813
<.001

Table 2.1 - ANCOVA model output for the relationship between standard length and anal fin
length. There was a significant interaction between standard length and treatment, indicating that
slopes were significantly different between treatment groups.

Response: Anal
Term
Intercept
Standard Length
Treatment
Standard Length:Treatment
Residuals

SS
0.103
15.545
0.259
4.097
17.044
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DF
1
1
4
4
107

F
0.647
97.586
0.407
6.43

Sig.
0.423
<.001
0.804
<.001

Table 3.1 - ANCOVA model output for the relationship between standard length and pelvic fin
length. There was a significant interaction between standard length and treatment, indicating that
slopes were significantly different between treatment groups.

Response: Pelvic
Term
Intercept
Standard Length
Treatment
Standard Length:Treatment
Residuals

SS
0.271
11.786
0.022
1.625
12.021

30

DF
1
1
4
4
87

F
1.963
85.3
0.04
2.941

Sig.
0.165
<.001
0.997
0.025

Table 4.1 - ANCOVA model output for the relationship between standard length and pectoral fin
length. There was a significant interaction between standard length and treatment, indicating that
slopes were significantly different between treatment groups.
Response: Pectoral
Term
Intercept
Standard Length
Treatment
Standard Length:Treatment
Residuals

SS
0.06
12.327
0.837
2.332
18.819
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DF
1
1
4
4
72

F
0.229
47.161
0.801
2.231

Sig.
0.634
<.001
0.529
0.032

Table 5.1 - ANCOVA model output for the relationship between standard length and age. There
was a significant interaction between standard length and treatment, indicating that slopes were
significantly different between treatment groups.
Response: Log Standard Length
Term
SS
Intercept
1.92
Age
1.47
Treatment
0.21
Age:Treatment
0.36
Residuals
2.4
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DF
1
1
4
4
134

F
107.35
82.46
2.9
50.2

Sig.
<.001
<.001
0.024
<.001

Table 6.1 - ANOVA model output for testing of group means for relative condition (Kn).
Decatur Post had a significantly higher mean value than all other treatments, indicating that
individuals from this treatment were in significantly better condition.

Term
Intercept
Charleston Pre
Charleston Post
Decatur Pre
Decatur Post

Estimate
1.99
-0.01
0.00
0.07
0.09
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SE
0.03
0.04
0.04
0.04
0.04

t value
63.63
-0.274
0.048
1.69
2.256

Sig.
<.001
0.78
0.96
0.09
0.03

Table 7.1 – Mean (± s.e.m.) water quality parameters for each treatment. Measurements made
weekly during the duration of the experiment.

Treatment
Control
Charleston Pre
Charleston Post
Decatur Pre
Decatur Post

Dissolved Oxygen
(mg/L)
118.6 (5.8)
133.1 (11.4)
92.1 (7.6)
101 (3.2)
109.8 (3.4)

Temp
(℃)
28.4 (1.5)
24.6 (0.7)
24.5 (0.7)
28.7 (0.6)
28.9 (0.7)
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pH
9.1 (0.3)
7.9 (0.1)
8.1 (0.1)
7.9 (0.3)
8.1 (0.1)

Spec. Conductivity
(s/cm)
324.6 (17.7)
684.7 (16.1)
667.3 (26.0)
3126.7 (166.8)
3405.4 (172.2)

Chloride
(mg/L)
46.1 (10.9)
76.1 (7.8)
74.5 (8.2)
520.1 (86.2)
550.9 (93.0)

Table 8.1 – Mean (± s.e.m.) nutrient concentrations from water samples collected weekly from
each treatment.

Treatment
Control
Charleston Pre
Charleston Post
Decatur Pre
Decatur Post

Phosphate
(mg/L)
0.53 (0.2)
6.63 (1.1)
6.85 (1.2)
106.13 (21.8)
77.81 (11.0)

Nitrate
(mg/L)
0.41 (0.2)
15.98 (2.0)
16.02 (1.9)
10.14 (0.7)
10.51 (1.1)

Nitrite
(mg/L)
0.02 (0.1)
0.08 (0.1)
0.08 (0.1)
0.04 (0.1)
0.22 (0.1)
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Ammonia
(mg/L)
0.10 (0.1)
0.05 (0.1)
0.06 (0.1)
0.05 (0.1)
0.26 (0.1)

Alkalinity
(CaCO3/L)
75.38 (13.1)
261.75 (63.1)
232.43 (59.0)
541.2 (29.1)
523.12 (31.4)

Hardness
(CaCO3/L)
108.89 (11.8)
231.23 (14.3)
214.94 (10.9)
352.42 (9.4)
339.04 (10.7)

FIGURES

Figure 1.1 – Simple linear regressions models for the relationship between dorsal fin length and
standard length for all treatments. ANCOVA results indicate Decatur Post treatment group has a
significantly greater slope than all other treatments (F(9,114) = 122.4, r2 = .906, p < .001).
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Figure 2.1 – Simple linear regression models for the relationship between anal fin length and
standard length for all treatments. ANCOVA results indicate Decatur Post treatment group has a
significantly greater slope than all other treatments (F(9,107) = 91.53, r2 = .885, p < .001).
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Figure 3.1 – Simple linear regression models for the relationship between pelvic fin length and
standard length for all treatments. ANCOVA results indicate Decatur Post treatment group has a
significantly greater slope than all other treatments (F(9,87) = 76.28, r2 = .888, p < .001).
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Figure 4.1 – Simple linear regression models for the relationship between pectoral fin length and
standard length for all treatments. ANCOVA results indicate Decatur Post treatment group has a
significantly greater slope than all other treatments (F(9,72) = 42.0, r2 = .84, p < .001).
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Figure 5.1 – Simple linear regression models for the relationship between pectoral fin length and
standard length for treatments. ANCOVA results indicate the Control treatment group has a
significantly greater slope than all other treatments (F(9,134) = 45.8, r2 = .756, p < .001).
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Figure 6.1 – Boxplot displaying relative condition (Kn) summary statistics for all treatments.
One-way ANOVA results indicate the mean value for Decatur Post treatment group is
significantly higher than all other treatments (F(4,138) = 3.56, r2 = .09, p < .009).
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Figure 7.1 – Principal Component Analysis (PCA) plot summarizing the relationship between
water quality parameters/nutrient concentrations and treatments.
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EFFECTS OF CAUDAL FIN ELONGATION ON SWIMMING EFFICIENCY AND
PERFORMANCE OF SMALLMOUTH BUFFALO (ICTIOBUS BUBALUS)

ABSTRACT
The Sangamon River flows across central Illinois and is mostly free flowing except in the
city of Decatur where it is impounded to form Lake Decatur. The Sanitary District of Decatur
(SDD) is located approximately three miles downstream of the Lake Decatur dam. For a
significant portion of the year, the stretch of the Sangamon River downstream of SDD is
dominated by effluent due to limited discharge from the Lake Decatur dam. This has resulted in
heavy nutrient loading, most notably phosphorus, and elevated levels of nickel and other
compounds in the downstream section of the river. Smallmouth buffalo (Ictiobus bubalus)
exhibiting elongated fins have been observed in this section of the river and could be a result of
concentrated wastewater effluent exposure. Swimming trials were performed with Smallmouth
buffalo (n = 9) in a 185 L Loligo Systems flow chamber to assess the effects of fin elongation on
active metabolic rate (AMR) and critical swimming speed (Ucrit). Results indicate that there was
a significant negative linear relationship between caudal fin size and AMR, indicating that fish
with elongated fins are more efficient swimmers. The relationship between caudal fin size and
Ucrit values was not significant, indicating that caudal fin size is not a predictor of critical
swimming speed. Ucrit values from this study fell in line with previous data for this species while
AMR values for Smallmouth buffalo exhibiting fin elongation were significantly lower. These
results have ecological significance and indicate that fish exhibiting fin elongation benefit from
abnormal morphology.
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INTRODUCTION

. My previous study using Fathead minnows reared in SDD wastewater effluent showed
that there is indeed plasticity in fin morphology of fish and that it is affected by chronic exposure
to the effluent from this treatment plant. To evaluate the ecological impact of fin elongation on
fish in the Sangamon River, it is imperative to assess the effects of altered fin morphology on
swimming performance of fish.
Fin morphology plays a critical role in swimming performance of fishes and alterations
in morphology are likely to impact swimming efficiency (Lauder, 2010). Fish exhibit variable
swimming patterns and have been historically classified into three basic categories: body and
caudal fin (BCF) periodic, BCF transient, and median and paired fin (MPF) (Webb, 1984). More
recently, BCF swimming has been separated into five categories: anguilliform, sub-crangiform,
carangiform, thunniform, and ostraciform (Borazjani and Sotiropoulos, 2009). Furthermore,
research has elucidated that the act of fish swimming utilizes a complex array of threedimensional movements of fins, interactions between fins (dorsal and caudal fins) on water
vortices to enhance propulsion, and that fin shape has a significant effect on propulsion (Lauder,
2010; Zhong et al., 2019; ZhiQuiang and ChuiJie, 2013). Specifically, Zhong et al., 2019 found
that elongated dorsal and anal fin morphology had a significant role in swimming speed and
economy in Bluefin tuna and Crevalle jack species. They indicated that the elongated fins shed
long, thin vortices that helped to stabilize the caudal fin and produce more thrust. Their results
indicate the importance of all fins, not just the main thrust producing capabilities of the caudal
fin, on the overall swimming performance of fish.
The elongation of all fins indicated in Fathead minnows reared in SDD effluent as well as
the elongation of all fins observed in wild Catostomid species residing in the Sangamon River
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downstream of the effluent discharge can be expected to have significant effects on swimming
performance of fish exhibiting fin elongation. However, the effects of exposure to pollutants on
swimming performance of fish should not be overlooked. Effects of exposure to pollution has
been documented to both increase and decrease swimming performance and metabolism
depending on fish species and pollutants studied. Chronic exposure to cadmium has been
documented to decrease repeated swimming performance of Brown trout and Lake whitefish
(Cunningham and McGeer, 2015). Likewise, exposure to sub-lethal doses of rotenone reduced
swimming performance in Rainbow trout (Cheng and Farrell, 2007). In contrast to these finding,
Melvin (2016) found increased swimming performance in juvenile Empire Gudgeons exposed to
wastewater effluent. Furthermore, Lefevre et al. (2011) found no effect of chronic nitrite
exposure on metabolic rate of Striped catfish at all but the highest levels of nitrite exposure.
Variable results from previous studies indicate the difficulty of predicting effects of pollutants on
swimming performance and metabolic rate of fish and could prove to be a confounding factor for
the present study due to the complex nature and high concentration of pollutants in SDD
wastewater effluent that is discharged into the Sangamon River.
To assess the direct effects of fin elongation on swimming performance and efficiency of
Smallmouth buffalo in the Sangamon River, I will perform swimming trials on wild caught fish
from the river to measure energetic cost through active metabolic rate and performance through
critical swimming speed (Ucrit). I predict that 1) Smallmouth buffalo from the Sangamon River
will experience a negative relationship between caudal fin size and swimming efficiency due to
increased drag of elongated, soft caudal fins; and 2) Smallmouth buffalo will experience a
negative relationship between caudal fin size and swimming performance as measured by critical
swimming speed due to decreased production of thrust from unstable fins.
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METHODS
Animals
Smallmouth buffalo (Ictiobus bubalus) (n=9) were sampled from the Sangamon River
within the city limits of Decatur, Illinois between November 2018, and March 2019 via pulsed
DC electrofishing. All fish were immediately transported to the Eastern Illinois University
Biological Sciences building and were subjected to a holding period between 48 and 72 h prior to
swim trials to allow for temperature acclimation and to control for the effects of specific
dynamic action (Beamish, 1974). Prior to swim trials, total length (TL), standard length (SL),
and weight (Wt) were recorded to the nearest mm and g, respectively (Table 2.1).

Swimming Trials
Fish were transferred to a 185 L Loligo flow chamber (Loligo Systems, Viborg,
Denmark) and were acclimated at base flow (0.17 m s-1) for thirty minutes in the 30cm long
swimming section of the 25x25x87.5 cm flow chamber with the lid open.
During the acclimation period, water temperature was maintained between 19.6 and
20.0°C, and dissolved oxygen levels were maintained above 97% saturation via aerators in an
ambient bath surrounding the flow chamber. Fish were encouraged to continue swimming during
the acclimation period by the introduction of an electrical pulse whenever they rested against a
wire mesh basket closing off the downstream end of the swimming section of the flow chamber.
Electrical pulse was introduced via a 12v 7ah battery with alligator clip electrical leads attached
to both terminals. The opposite end of the positive lead was attached to the wire mesh basket and
the negative lead was attached to the upstream end of the swimming section of the flow chamber.
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The negative lead was attached to the battery only when swimming ceased; however, the positive
lead always remained attached to ensure electricity was introduced only when necessary.
After the acclimation period, the flow chamber lid was sealed and all connections to the
ambient bath surrounding the flow chamber were closed. A Pro ODO dissolved oxygen probe
(YSI Inc., Yellow Springs, OH, USA) with parafilm wrapped tightly around the screw threads
was inserted into the chamber immediately upstream of the swimming section of the flume.
Swimming trial protocol followed an incremental velocity design based upon the total length of
the fish. Trials were initiated at swimming speeds of 0.25 BL s-1 and were increased by an
additional 0.25 BL s-1 every ten minutes until exhaustion. Exhaustion was indicated when fish
stopped swimming against the current and rested against the wire mesh basket at the end of the
swim chamber for five seconds despite electrical stimulation. Temperature (C), dissolved
oxygen (mg/L), and time (sec) data were recorded at one second intervals using YSI data logging
software. Additionally, water velocity (m/s) and swimming speed (bl/s) data were also recorded
to include in further analysis.

Data Analysis
Mass corrected rate of oxygen consumption (Mo2) was calculated to account for
correlations between body size and metabolism (Clarke and Johnson, 1999). Active metabolic
rate (AMR) was calculated for individual swimming trials using data from the 10-minute period
at which the fish swam at 0.75 bl/s. This data was used to create an ordinary least squares
regression model with oxygen concentration as the dependent variable and time as the
independent variable. The resulting slope of the model was used to determine metabolic rate for
each fish (Svendsen et al., 2016).
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Caudal fin size was calculated as a percentage of total length for each fish and was
introduced into a simple linear regression model to assess the effects of caudal fin size on
metabolic rate. Relative weight was calculated for each fish using linear model coefficients from
Bister et al., 2000. Critical swimming speed was calculated for a subset of fish (n=5) included in
the AMR trials using the following equation (Brett, 1964):
𝑡
𝑈𝑐𝑟𝑖𝑡 = 𝑉𝑝 + [𝑉𝑖 ( 𝑓⁄𝑡 )]
𝑖
Where: 𝑉𝑝 = 𝑇ℎ𝑒 𝑝𝑒𝑛𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑟𝑒𝑎𝑐ℎ𝑒𝑑 𝑎𝑡 𝑓𝑎𝑡𝑖𝑔𝑢𝑒 (𝑚/𝑠)
𝑉𝑖 = 𝑇ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑠𝑡𝑒𝑝 (𝑚/𝑠)
𝑡𝑓 = 𝑇ℎ𝑒 𝑡𝑖𝑚𝑒 𝑙𝑎𝑝𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑡𝑜 𝑓𝑎𝑡𝑖𝑔𝑢𝑒 (𝑚𝑖𝑛)
𝑡𝑖 = 𝑇ℎ𝑒 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 (𝑚𝑖𝑛)
A linear model was performed with caudal fin size as the dependent variable and Ucrit values as
the independent variable to assess the effects of caudal fin size on swimming performance. A
follow up stepwise backwards linear model selection was performed to assess the predictive
relationship between morphometric traits (i.e., total length, standard length, weight, caudal fin
size, and relative weight condition values) and Ucrit values.

RESULTS
Observation of Smallmouth buffalo swimming trials indicate that they rely on the BCF
method of steady swimming against quasi-laminar flow. More specifically, they appear to adhere
to carangiform swimming patterns due to undulations being restricted to the posterior half of the
body. At low flow velocities, Smallmouth buffalo were observed occasionally resting on the
bottom of the flow tank using their pectoral fins to help hold them in place; however, at higher
flow velocities, fish preferred to hold place in the middle of the chamber and swim steadily
against current.
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Active Metabolic Rate
Smallmouth Buffalo total length (TL) ranged from 363 – 496 mm (mean = 434.6 ± 18.4; s.e.m),
and had a range of caudal fin length from 24.8 – 34.2% of their TL (mean = 28.8 ± 0.96; s.e.m;
Table 2.1). Oxygen concentration at swimming speeds of 0.75BL/s decreased linearly throughout
every trial (Figure 2.1) and averaged a decrease of -0.24 ± 0.14(st. dev.) for all fish. AMR at
0.75BL/s decreased linearly with increased caudal fin size, indicating that fish with larger caudal
fins were more efficient swimmers (F,1,6) = 8.45, r2 = .58, p = .027; Figure 2.1).

Critical Swimming Speed
Critical swimming speed occurred at 0.54 m/s on average, which corresponds to 1.22 BL/s on
average. There was no significant relationship between caudal fin size and Ucrit values, indicating
that caudal fin size was not a significant predictor of swimming performance (i.e., critical
swimming speed) (F(1,3) = 3.099, r2 = .51, p = 0.177; Table, 2.1, Figure 2.2). Results from the
stepwise backwards model selection indicated that a multiple regression model including
standard length and caudal fin size was the best predictor of Ucrit values; however, the resulting
model was not significant (F(2,2) = 14.53, R2 = .94, p = .0644).
DISCUSSION
Caudal fin morphology of Smallmouth buffalo included in this experiment varied
considerably in shape and size compared to Smallmouth buffalo with normal fin morphologies
observed in other systems (Figure 2.4; Figure 2.5; Table 2.1). Furthermore, the edges of
elongated caudal fins were often fragile and appeared frayed and damaged. Results from
swimming trials did not support my first hypothesis that fish with elongated fins would be less
efficient swimmers. On the contrary, a significant negative relationship between caudal fin size
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and metabolic rate was observed, indicating that fish with longer fins required less energy for
swimming at a given velocity (Figure 2.2). My second hypothesis that fish with elongated caudal
fins would have lower critical swimming speed, indicating loss of swimming performance, was
not supported. There was no significant relationship between caudal fin size and critical
swimming speed for fish included in this experiment (Figure 2.3).
Results for the relationship between active metabolic rate (AMR) and caudal fin size
contradict previous studies that have indicated decreased swimming efficiency in fish with
ornamentally elongated fins (Plaut, 2000; Karino et al., 2006); however, test species used in both
studies (i.e., Zebrafish and Guppies) are considerably smaller than Smallmouth Buffalo in body
size and mass. There is a positive relationship between body size and swimming thrust, and the
smaller body size of Zebrafish and Guppies may result in decreased ability to take advantage of
the increased surface area of their elongated fins (Ohlberger et al., 2005; Srean et al., 2017).
Furthermore, Smallmouth buffalo included in this study were in good condition as indicated by
relative weight (Wr) values ranging from 144.3–182.8 (Table 2.1). These high condition values
could further contribute to increased power for swimming and fall in line with the increased
condition of Fathead minnows observed in the Decatur post treatment group of the previous
study.
Interspecific estimates of Ucrit and metabolic rate can vary depending on morphological
variables including body depth and caudal peduncle height (Rubio-Gracia et al., 2020). These
variables could account for some of the unexplained variation in Smallmouth buffalo swimming
performance trials since they were not included in the present study. For example, negative
relationships between body depth and swimming performance as well as positive relationships
between body mass and swimming performance have been documented (Pettersson and
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Hedenstrom, 2000; Rubio-Gracia et al., 2020; Ohlberger et al., 2005; Srean et al., 2017). Body
mass has also been documented as one of the best predictors for swimming performance and it is
suggested to account for body mass in statistical models for Ucrit to decrease unexplained
variance (Rubio-Gracia et al., 2020). Body mass varied considerably between fish in this study
(Table 2.1); however, statistical models including body mass did not increase model fit. A
possible explanation for this is the intraspecific variability in Ucrit values. Fisher et al., (2005)
documented a 28% coefficient of variation in Ucrit values within the same species. Meanwhile,
variation of Ucrit between species has been estimated to be as high as 40% (Killen et al., 2016).
Another possible explanation for the lack of a relationship between caudal fin size and Ucrit could
be a common problem with maximum performance determination, the difficulty to ensure that
animals are sufficiently motivated to reach high performance levels (Anderson et al., 2008). I
attempted to account for this possible lack of motivation by the introduction of electrical current
to the swim chamber to motivate continued swimming; however, it is possible that the fish used
in this study stopped swimming prior to exhaustion and introduced excess variability into the
dataset.
Smallmouth buffalo are not a heavily studied species; however, some previous data does
exist for AMR rates and Ucrit values. Adams and Parsons (1998) found that Smallmouth buffalo
respirometry rates and Ucrit values varied significantly by season and by sex. They documented
an overall mean AMR of 323.6 mg h-1, compared to 246.0 ± 17.62 mg h-1 for Sangamon River
Smallmouth Buffalo. They also documented an average Ucrit value of .615 m/s for Smallmouth
buffalo in their swimming trials, slightly higher than the values from my study at 0.596 ± 0.013
(s.e.m.). AMR was much lower for Sangamon River Smallmouth buffalo and give further
evidence that elongated caudal fins increase swimming efficiency in these fish. Moreover, the

51

similarity in Ucrit values between studies indicates that fish from the Sangamon River are capable
of attaining critical swimming speeds on par with their counterparts in other systems despite
having elongated fins and abnormal fin morphology. These results couple to provide evidence
that fin elongation of Smallmouth buffalo in the Sangamon River works to improve their
locomotor capabilities.
An important aspect of swimming performance not covered by my research is how these
fish respond to complex turbulent flow. The flow chamber used for the present research is only
capable of producing quasi-laminar flow and is more representative of lentic systems. Fish
residing in lotic systems need to deal with the more complex flows and have developed specific
ways of dealing with them. Paired fins have been shown to play an important role in stabilizing
fish when dealing with complex flows and elongation of these fins could have negative effects
(Liao, 2007; Lupandin, 2005). While fish included in this study exhibited increased swimming
efficiency and no effect of fin caudal fin elongation on critical swimming speed, elongation of
paired fins could potentially decrease their ability to deal with complex flows exhibited in lotic
systems. Future research into swimming performance of these fish should include complex flows
to better understand the ecological effects of fin elongation on Smallmouth buffalo in the
Sangamon River.
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TABLES
Table 2.1 – Individual Smallmouth buffalo (Ictiobus bubalus) included in swimming
performance trials. Metabolic rate was not calculated for SR6 due to an insufficient seal between
the swimming chamber and the ambient environment. Ucrit was not calculated for SR1, SR4,
SR7, and SR9 due to insufficient data.

Fish
ID

TL
SL
(mm) (mm)

Date

SR1

11/8/2018

496

SR2

11/8/2018

SR3

Metabolic
Ucrit
Rate
Temp
(m/s)
(mgO2/Kg*h)
℃
285.79
19.6
—

Caudal
Percent

Weight
(g)

Wr

373

24.80

1292

144.3

495

343

30.71

1051

153.6

225.78

19.6

0.61

11/12/2018

367

267

27.25

560

182.8

349.77

19.7

0.62

SR4

11/13/2018

385

280

27.27

589

165.1

274.27

19.9

—

SR5

12/21/2018

490

340

30.61

1078

162.0

203.71

20

0.59

SR6

12/21/2018

467

350

25.05

1191

163.1

—

20

0.54

SR7

3/20/2019

363

260

28.37

488

173.5

226.86

19.7

—

SR8

3/20/2019

438

303

30.82

699

152.1

208.82

19.7

0.62

SR9

3/20/2019

410

270

34.15

565

177.9

193.35

19.8

—
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FIGURES

Figure 2.1 – Representative respirometry trial depicting the linear decrease in dissolved oxygen
concentration through time for fish swimming at 0.75 BL/s.
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Figure 2.2 – Linear relationship between caudal fin size and metabolic rate for individual
Smallmouth buffalo (n = 8). Model fit and results are presented in the plot.
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Figure 2.3 – Linear relationship between caudal fin size and critical swimming speed for
individual Smallmouth Buffalo (n = 5). Model fit and results are presented in the plot.
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Figure 2.4 – Normal caudal fin morphology of Smallmouth buffalo from the Wabash River, St.
Francisville, Illinois.
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Figure 2.5 – Abnormal caudal fin morphology of a Smallmouth buffalo from the Sangamon
River, Decatur, Illinois.
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GENERAL CONCLUSIONS
Results from the Fathead minnow microcosm study establish a causal relationship
between post disinfection Sanitary District of Decatur wastewater effluent and fin elongation of
fish in the Sangamon River. Increased body condition of Fathead minnows was mirrored by
elevated Sangamon River Smallmouth buffalo relative weight values documented in the sample
of fish used for swimming performance trials, providing further evidence of the ecological
significance of my study. While fin elongation of fish in response to SDD wastewater pollution
has the benefit of increased swimming efficiency, any ecological impact in response to
anthropogenic impacts should be avoided. Future research should focus on identifying the
causative agent in SDD wastewater behind fin elongation and understanding the biological
mechanism behind it. Furthermore, research should be performed to establish if fin elongation of
this type is a heritable trait once introduced into a population. If it is indeed a heritable trait, it
could be hypothesized that Smallmouth buffalo may be further selecting for this trait since it is
advantageous due to reduced cost of transport. Finally, continued ecological monitoring and
sampling should be performed on the Sangamon River to assess the continued impacts of
wastewater effluent on the overall biological health of the system.
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